The presence and concentration of mineral nutrients and organic acids were analyzed in root xylem sap of mature beech trees (Fagus sylvatica L.). An interdependence between malate concentration, pH, and calcium and magnesium concentrations was observed. Significant correlations were found between low pH values and high calcium and magnesium concentrations, low pH values and high malate concentration, and high malate concentration and high total calcium and magnesium concentrations. The observed correlations suggest that malic acid determines the chemical milieu of the xylem sap and tends to form complexes with hydrated or exchangeable adsorbed cations, thereby influencing the mobilization and translocation of calcium and magnesium in beech sapwood.
Introduction
Despite many studies, little is known about the cycling and storage of nutrients in adult trees. In particular, the mobilization and dynamics of transported substances, the axial and radial distribution patterns of elements and water, and the physiological processes in living, woody parenchyma are poorly understood. It has been suggested that the phenomenon of tree decline results from an imbalance of mineral nutrients (Ulrich et al. 1979) . Consequently, analyzing xylem water to determine the distribution dynamics of nutrient elements and water within a tree is a useful pursuit in forest decline research.
Conducting sapwood contains a variety of compounds, but little is known about their functions. Until recently, descriptions of the chemical composition of xylem sap of adult trees have usually been based on the analysis of bleeding sap (Essiamah 1982 , Godt 1986 ). There is evidence of increased concentrations of complexing agents, particularly citric, malic, and various amino acids (White et al. 1981a , 1981b , Clark et al. 1986 , Wutcher and McDonald 1986 , Andersen and Brodbeck 1989 , Sauter and van Cleve 1992 , Schneider et al. 1994 during the internal mobilization of nutrients that occurs before and during bud burst (Bollard 1953 , Tromp and Ovaa 1967 , Tromp 1979 , Titus and Kang 1982 , Ferguson et al. 1983 , Moreno and Garcia-Martinez 1983 . Most investigations of this phenomenon have focused on analyses of feeder roots or aboveground plant components (Glavac et al. 1989 (Glavac et al. , 1990a (Glavac et al. , 1990b (Glavac et al. , 1990c . To provide additional insight into the flow of elements, we have analyzed xylem sap in the water-conducting sapwood of large beech (Fagus sylvatica L.) roots (2--3 cm in diameter) during the growing season. The results in this paper are part of a larger study comparing the nutrients found in soil solution and xylem sap of beech roots. A correlation matrix of all measured paramters showed significant correlations between malate and pH as well as calcium and magnesium concentrations. This finding is of interest because Heimerich (1993) obtained similar results in studies of tree trunks.
Materials and methods

Study sites
Soil and root samples were collected at two locations in North Hessen, Germany. The first site, a 152-year-old beech stand (Hordelymo-Fagetum), was located near Zierenberg at the Kleinen Gudenberg. The elevation of the site was 460 m, the average yearly temperature approximately 7 °C and the average annual precipitation 650 mm. The brown forest soil, consisting of basalt debris, had a high humus content and a C/N ratio of 13.08 in the upper mineral layers. The soil solution had a mean pH of 5.45 ± 0.22, a base saturation of 79.2%, and an effective cation exchange capacity (CEC) of 104.8 mval kg −1 . The study was carried out from May 18 to September 9, 1993, and 70 soil and 68 xylem sap samples were collected from the Zierenberg site during this period.
The second site, a 160-year-old beech stand (Luzulo Fagetum typicum) located in the Söhre (10 km south-east of the city of Kassel) was selected for its podsolic pseudogley earth. The elevation of the site was 480 m, the average yearly temperature approximately 7 °C and the average annual precipitation 700--850 mm. The parent material was red sandstone covered by loess loam. The 0--15 cm soil layer had a pH of 4.26 ± 0.23, a C/N ratio of 17.77, a base saturation of 16% and an effective CEC of 67.3 mval kg −1
. Seventy soil samples and 65 xylem sap samples were obtained from this site between May 5 and September 28, 1993.
Xylem sap extraction and measurements
During the 1993 growing season, roots (2--3 cm in diameter) were collected weekly at a minimum distance of 2.5--3 m from the base of the trunk. A segment of approximately 1 m in length was removed from each root, packed in a polyethylene bag, and refrigerated until laboratory processing. Before extraction of xylem sap, each root was washed carefully and cut in half. The freshly cut ends were scraped free of bark phloem (approximately 3--4 cm) to prevent contamination during extraction of xylem sap. The ends were then rinsed a second time with distilled water and blotted dry with filter paper. Xylem sap was extracted by means of a modified form of the Bollard method (Bollard 1953) . The pH of the freshly obtained clear and colorless sap was measured with a glass electrode, and sap samples were deep-frozen until used for further measurements. To estimate the magnitude of contamination by damaged living cells, the ATP content was determined luminometrically (ATP-Biolumineszenz HS, No. 567 701, Boehringer Mannheim, Mannheim, Germany).
Concentrations of Ca, Mg, K, Na, Mn and Fe in the xylem sap were determined by atomic absorption spectrophotometry (AAS, 3030, Perkin-Elmer, Norwall, CT), as described by König et al. (1989 
Results and discussion
The principal organic acid in the xylem sap of beech roots was malic acid. During the growing season, the malate concentration in the water-conducting sapwood of the roots ranged from 0.01 to 5.28 mmol l −1
. During winter dormancy, the mean malate concentration in trunk segments of adult beech trees ranges between 0.04 and 2.4 mmol l −1 (Heimerich 1993) .
Malate concentrations of 0.1 mmol l −1 have been found in the xylem sap of orange tree roots (Wutcher and McDonald 1986) , concentrations of 0.4 to 2.8 mmol l −1 were measured in Vitis rotundifolia Michx. (Andersen and Brodbeck 1989) , and concentrations up to 12.5 mmol l −1 were found in Kiwi shoots (Clark et al. 1986 ). Malic acid and citric acid are abundant in the xylem sap of herbaceous and woody plants (Bradfield 1976 , White et al. 1981a , 1981b , Clark et al. 1986 , Senden et al. 1992 , Harmens et al. 1994 ).
There was a significant negative correlation between pH and malic acid concentration in the xylem sap of beech roots (Figures 1a and 1b) . Similar results have been obtained in beech trunks (Heimerich 1993 ) and orange trees (Wutcher and McDonald 1986) . Several studies have shown that the pH of xylem sap is often lower during springtime mobilization of nutrient elements than at other times of year (Ferguson et al. 1983 , Marangoni et al. 1986 ). I conclude that the springtime decrease in pH of the xylem sap is caused by an increase in the concentration of malic acid (see Clark et al. 1986) .
Although the chemical composition of the soil solution differed between the two sites, I observed similar relationships and correlations between the measured parameters in the xylem sap of trees growing at the two sites. Thus, at both study sites, there were significant negative correlations between pH and the Ca and Mg concentrations of the xylem sap of roots (Figures 2 and 3 ). There were also significant positive correlations between Ca and Mg concentrations and the concentration of malate in root xylem sap (Figures 4 and 5) .
The positive correlation between malate concentration and the concentration of certain cations, such as Mg, Mn and K and especially Ca, could be an indication of complex formation. It is known that malate mainly forms neutral or negatively charged complexes of varying stability with hydrated mobile or exchangeable adsorbed cations in the xylem sap of various plant species, and that Ca-malate has a higher degree of stability than Mg-malate (see Martell and Smith 1988) . Furthermore, complex-forming molecules in the xylem sap compete with the negatively charged groups of pectins and lignins at the inner surface of the tracheid walls.
Changes in complex-formation capacity may explain why the cation exchange sites in the apparent free space of the xylem vessels vary according to growth and the vegetation period (Ferguson and Bollard 1976 , van de Geijn and Petit 1979). Complex-formation capacity is affected by a variety of factors including pH, stability constants, ion strength, and concentrations of various ions, as well as by the genetic constitution of the plants. The uptake and transport of nutrients, the age of the plant, the interaction among ions, and the availability of nutrients in the soil solution also influence complex formation.
I conclude that malic acid, rather than the presence of basic cations, determines the chemical milieu of the xylem sap of the roots and tends to form complexes with hydrated or exchangeable adsorbed cations, thereby influencing the mobilization and translocation of calcium and magnesium in beech sapwood.
